Myosin Phosphatase Regulatory Pathways Different Functions or Redundant Functions?
Thomas M. Lincoln I n many ways, the smooth muscle cell (SMC) has been at the forefront in defining cellular signaling pathways. For example, the initial description of agonist-dependent intracellular calcium ([Ca 2ϩ ] i ) transients was made on vertebrate vascular SMC using aqueorin as the indicator. 1 Delineation of nitric oxide (NO) and cGMP signaling was first accomplished in smooth muscle. 2, 3 And more recently, insights into the general mechanisms of gene transcription that dictate phenotypic traits of cells are being defined by smooth muscle specific gene expression. 4, 5 It should come as no surprise then that the interactions among many signaling pathways in cells should be explained first in the SMC. Perhaps the reason for the central position of the SMC in defining paradigms in cellular biology is that there are welldefined physiologic end points amenable to measurement (ie, contractile force) and even better described and easily quantified biochemical pathways that underlie said physiologic end points (ie, myosin regulatory light chain phosphorylation).
From a historical perspective, the role of protein phosphorylation in smooth muscle contraction as a paradigm for cell signaling follows only that for the control of glycogen metabolism (see 6, 7 for reviews). Increases in the levels of cytosolic [Ca 2ϩ ] i initiate smooth muscle contraction by binding to the universal intracellular Ca 2ϩ receptor protein, calmodulin (CaM), which in turn binds to and activates smooth muscle myosin light chain kinase (MLCK). Activated MLCK catalyzes the phosphorylation serine-19 of the regulatory myosin light chain (MLC) thereby increasing cross-bridge cycling and the rate of tension development. Dephosphorylation of MLC is catalyzed by smooth muscle specific myosin light chain phosphatase (MLCP). Decreases in cytosolic [Ca 2ϩ ] i and MLC dephosphorylation are considered salient events in smooth muscle relaxation. What has become apparent only within the last decade is the fact that these 2 processes, decreased [Ca 2ϩ ] i and MLC dephosphorylation, can be, and most likely usually are, independent events and independently controlled. It now seems clear that the regulation of MLCP activity plays a prominent role in smooth muscle contraction.
In vertebrate smooth muscle, MLCP is heterotrimer consisting of a serine/threonine phosphatase catalytic subunit, classified as a PP1c ␦ isoform, a 110 to 130 kDa myosin binding regulatory subunit known as MYPT1, and a third subunit of approximately 20 kDa whose function has yet to be defined. 8 A portion of the cellular pool of MLCP is physically anchored to the myosin fiber where it is believed that activation of the phosphatase requires a conformational change in MYPT1 that leads to greater access of the catalytic subunit to the phosphorylated MLC. 9 MYPT1, in turn, exists as several spliced variants in smooth muscle which undergo significant changes in expression with differentiation, different types of SMC, and in pathophysiological settings. 10, 11 One variant in which a 31 nt exon is spliced into the sequence creates a stop codon that results in the shorter isoform being expressed. The "spliced out" isoform does not contain the 5Ј-upstream stop codon and results in a longer form being expressed. From the physiologic standpoint, the existence of these 2 isoforms is significant because the longer isoform contains a C-terminal leucine zipper/coiled-coiled domain (LZϩ) capable of selectively binding protein kinases such as cGMP-dependent protein kinase (PKG). 12, 13 An appreciation for the role of MLCP in the regulation of MLC phosphorylation and smooth muscle contraction began with studies on "calcium sensitization" of contraction (see 14 for review). These studies demonstrated that agonist-induced MLC phosphorylation and contraction of smooth muscle were apparent at relatively low concentrations of [Ca 2ϩ ] i compared with phosphorylation and contraction initiated by membrane depolarization using elevated K ϩ solutions. Because agonists were known to activate receptors coupled to heterotrimeric G-proteins, the idea was put forth that (an) additional signaling pathway(s) was/were activated under agonist stimulation that resulted in calcium sensitization of contraction. Several protein kinase pathways were proposed to mediate calcium sensitization including protein kinase C (PKC), which is activated on agonistdependent stimulation of phospholipase C (PLC), and the small molecular weight G-protein, RhoA, which activates Rho-activated kinase (ROK). It turns out that both pathways, the PLC-PKC and the RhoA-ROK, are involved in calcium sensitization. And both kinases appear to intersect by inhibiting MLCP. The question is: how do these kinases, and perhaps others, regulate MLCP activity?
As discussed by Dimopoulos et al, 15 2 independent mechanisms exist in smooth muscle for the inhibition of MLCP that sustains MLC phosphorylation in the face of declining [Ca 2ϩ ] i : phosphorylation of MYTP1 and phosphorylation of a smooth muscle specific PP1c inhibitor protein, CPI-17. Moreover, phosphorylation of these two proteins in response to ROK and PKC activation follow distinct time courses and appear to be dependent on the mobilization of Ca 2ϩ from distinct pathways. Taking MYTP1 phosphorylation first, it has been known that contractile agonist-dependent activation of the RhoA/ROK pathway results in the phosphorylation of 2 distinct residues, threonine-696 and
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From the Department of Physiology, College of Medicine, Universitythreonine-853 (numbering according to the mammalian sequence), on MYPT1 16, 17 ; phosphorylation of both residues has been correlated with diminished phosphatase activity, but it is T853 phosphorylation that appears to be most specifically associated with specific ROK-induced phosphatase inhibition. Indeed, ROK catalyzes the phosphorylation of T853 more efficiently than T696, suggesting that the actual role of ROKdependent T696 phosphorylation is more complex. It is now known that several different serine/threonine protein kinases such as ZIP kinase catalyze the T696 phosphorylation of MYPT1. 18 What is not known is whether or not activation of ROK lies upstream of the activation of one or more of these kinases which in turn results in T696 MYPT1 phosphorylation and phosphatase inhibition. Of these the ZIP kinase is a particularly interesting candidate given that, like ROK, it is highly abundant in SMC. 18 To turn attention to CPI-17, this protein belongs to the larger family (defined by function if not by homology) of low molecular weight protein serine/threonine phosphatase inhibitors that include Inhibitor-1, DARPP-32, and G-substrate. 19 -21 These proteins function as inhibitors in that phosphorylation results in the formation of a "competitive inhibitor" that binds to the phosphatase catalytic subunit denying the binding of phosphoprotein substrates. CPI-17 is of great interest in smooth muscle contraction for several reasons: first, its phosphorylation is catalyzed by PKC, which is activated in response to contractile agonist-dependent activation of PLC by diacylglycerol and increases in [Ca 2ϩ ] i . 22 In fact, it has long been known that PKC activation mediates slow smooth muscle contraction with no increase in [Ca 2ϩ ] i or even diminishing levels of [Ca 2ϩ ] i . Second, CPI-17 is abundant in smooth muscle tissues although it is not universally expressed in all smooth muscle. 22 And finally, ROK and perhaps other kinases such as those mentioned above that catalyze the phosphorylation of MYPT1 in intact SMC also phosphorylate CPI-17. Thus, it appears that the SMC has 2 independent pathways originating at agonist receptor activation that lead to the phosphorylation of 2 proteins, MYPT1 and CPI-17, that inhibit MLCP activity.
The obvious question becomes, why 2 pathways that, in many cases, exist together within the same cell? Dimopoulos et al 15 attempted to answer this question by examining the time courses for CPI-17 and MYPT1 phosphorylation and the correlation of these biochemical events with calcium sensitization. What they found was that CPI-17 phosphorylation proceeded more rapidly following agonist receptor engagement than did MYPT1 phosphorylation. CPI-17 phosphorylation was highly correlated with the rapid release of stored Ca 2ϩ whereas MYPT1 phosphorylation was more dependent on the slower uptake and refilling of Ca 2ϩ stores. Thus, the different pathways leading to MLCP inhibition are essentially controlling the kinetics of tension development. These are interesting and potentially significant findings. Other support for this concept may also be taken from the observations that MYPT1 and CPI-17 demonstrate uneven expression in smooth muscle tissues; generally, MYPT1 is more highly expressed in phasic smooth muscle whereas CPI-17 is more highly expressed in tonic smooth muscle. 22 Rapid phosphorylation of CPI-17 may be important to achieve high levels of MLC phosphorylation needed for sustained tension in the face of declining [Ca 2ϩ ] i observed in tonic smooth muscle, whereas MYPT1 phosphorylation would be important in sustaining MLC phosphorylation with rapidly changing ion channel activity seen in phasic smooth muscle.
However, there is another aspect to the role of these 2 pathways regulating MLCP, and that is the process of "calcium desensitization." It has long been known that relaxation of agonist-contracted smooth muscle by NO-containing vasodilators is more efficient than relaxation of depolarized smooth muscle tissue. NO mediates SMC relaxation by increasing the levels of cyclic GMP that, in turn, activate PKG. In SMC, PKG is known to lower [Ca 2ϩ ] i by activating calcium-dependent potassium channels, inhibiting agonist-dependent activation of PLC, stimulating Ca 2ϩ uptake into the sarcoplasmic reticulum (SR) and inhibiting inositol trisphosphate (IP 3 )-mediated Ca 2ϩ release from the SR (see 23 for a review). As illustrated in Figure  1 26 found that the mere activation of PKC under conditions where Ca 2ϩ levels were not increased in skinned smooth muscle preparations led to contractions that were attenuated by cGMP and PKG activation. Relaxation was entirely dependent on PKG-dependent dephosphorylation of CPI-17, presumably through the activation of a protein phosphatase 2A (PP2A). Thus, both MYPT1-T696 phosphorylation and CPI-17 phosphorylation are attenuated in calcium desensitization.
The regulation of MLC dephosphorylation through distinct signaling pathways is but one more example of redundancy for the regulation of a highly complex and important physiological process. As shown by Dimopoulos et al, 15 one outcome of this redundancy may be to fine-tune the contractile process in different tissues. This could be true for both calcium sensitization and calcium desensitization. Yet, it is also possible that these pathways really do represent "back-up" systems so that changes in expression of one or more of these components during development, physiological stress, or even disease do not compromise the control of smooth muscle tone which is so important for vascular function, breathing, digestion and reproduction.
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